ABSTRACT. The protective antibody response of Balb/c mice to Bali rabies virus (RABV) in BHK-21 cells was studied. The virus was isolated from a rabid dog and was adapted to replicate in BHK-21 cell culture for seven passages. The BHK-21-adapted Bali RABV (BHK-Bali RABV) was inactivated with binary ethylenimine and 24 mice were immunized twice at 21-days intervals with the inactivated virus and Rabisin ® vaccine. Virus replication was detected using indirect immunofluorescence, immunocytochemistry, and western blotting assays. Enzyme-linked immunosorbent assay examination 2 weeks after the first immunization revealed RABV antibody titers that were mostly below the minimum protective level (<0.5 equivalent unit, EU). Antibody titers increased sharply after the second immunization. Antibody titers in serum of mice induced by inactivated BHK-Bali RABV one week after the second immunization were slightly lower (0.8-3.8 EU) than those induced by Rabisin vaccine (0.9-6.3 EU). RABV antibody titers were stable for at least 6 weeks after the second immunization. Both Rabisin vaccine and inactivated BHK-Bali RABV induced neutralizing antibodies with neutralization titers (50% protective dose per ml) of 2 9.84 for 0.1 ml Rabisin, 2 11.41 for 0.2 ml Rabisin, 2 7.41 for 0.1 ml BHK-Bali RABV, and 2 8.25 for 0.2 ml BHK-Bali RABV. Thus, inactivated BHK-Bali RABV induces a protective immune response in Balb/c mice, but at lower levels compared to induction by Rabisin vaccine.
doi: 10.1292/jvms. Rabies virus consists of a single-stranded RNA genome that encodes five major structural proteins: N (nucleocapsid), P (phosphoprotein), M (matrix protein), G (glycoprotein), and L (replicase) [8, 34] . RABV glycoprotein is important in the induction of neutralizing antibodies, which are the major indicator of protective immunity against RABV in susceptible hosts. Antibodies that bind with RABV glycoprotein, especially when they bind with the epitopes at the receptor-binding sites of the protein, block the attachment of the virus to the host cells [13, 17] , preventing infection. The use of a local RABV isolate to immunize animals might be advantageous in terms of its extensive homology to the local street RABV, especially concerning the glycoprotein gene. However, the nucleotide sequence of the Bali RABV glycoprotein gene has not been determined.
BLAST analysis using the data available at Genbank has revealed 98.7% glycoprotein amino acid sequence identity between two Indonesian RABV isolates, strain 03003INDO (accession EU086151) [4] and strain SNO1-23 (accession AB115921). The glycoprotein amino acid sequence identity between these two Indonesian RABV isolates and the RABV Pasteur strain (accession P08667) [29] is 91.4 and 91.6% respectively. Thus, the level of glycoprotein amino acid sequence identity among Indonesian RABV isolates is higher than those between the Indonesian RABV isolates and the RABV Pasteur strain. The latter is the virus strain used in the preparation of the Rabisin ® vaccine (Merial, Lyon, France).
We have examined the growth characteristics of Bali RABV isolate in BHK-21 cells and the ability of the inactivated virus to induce protective immune response in mice. As comparison, the Rabisin vaccine was used as a positive control. This vaccine is used to vaccinate dogs and other animals in Indonesia and induces a protective immune response in experimental dogs [6] .
MATERIALS AND METHODS

Ethical approval
The use of mice was approved by The Ethical Commission for the Use of Animals in Research and Education, Faculty of Veterinary Medicine, Udayana University, Bali, Indonesia (Ethical Clearance No. 283/KE-PH/H/2017).
Virus and cell cultures
The Bali RABV isolate was obtained from Animal Disease Investigation Center Denpasar, Bali, Indonesia. The virus was isolated from a rabid dog and had been previously confirmed using direct IFA (dIFA) and mouse inoculation test (unpublished data). The virus was then adapted to replicate in BHK-21 cell culture for seven passages. Briefly, the brain homogenate of the rabid dog was prepared in a sterile tube, sterile-filtered using a 0.2 µm syringe filter, and inoculated into a monolayer of BHK-21 cells. The virus was passaged seven times. The presence of RABV antigen in the medium and cells of the BHK-21 cell culture was detected after the passages 3-7 by IIFA, ICC, and WB.
Antibodies
Monoclonal antibodies (mAbs) against RABV were produced by fusion of myeloma cells with spleen lymphocytes (spleenocytes) of mice immunized with the Rabisin vaccine [3] . Sera collected from mice sacrificed for the preparation of antirabies mAbs were used as the source of polyclonal antibody (pAb).
Detection of Bali rabies virus replication in BHK-21 cells
The replication of Bali RABV isolate in BHK-21 cells was detected by IIFA and ICC. IIFA was performed by a standard method using mAb against RABV. Briefly, BHK-21 cells were grown in 24-well tissue culture plates until they reached 80% confluence and then were inoculated with the medium of infected BHK-21 cells. Following 3 days incubation at 37°C in a 5% CO 2 environment, RABV-infected cells were trypsinized and washed three times with phosphate buffered saline (PBS). A smear of RABV-infected BHK-21 cells was prepared on poly-L-lysine-coated microscope slides, air dried, and fixed with cold acetone for 10 min at room temperature. Anti-RABV mAb diluted 1:2 in PBS was added and incubated for 30 min at room temperature. After three washes with PBS, anti-mouse IgG conjugated with fluorescein isothiocyanate (Sigma-Aldrich, St. Louis, MO, U.S.A.) was added and incubated for 30 min at room temperature. Following three washes as above, the cells were mounted with 90% buffered glycerin and covered with a cover slip. The presence of viral antigen in the infected cells was examined by ultraviolet microscopy.
ICC was used to detect RABV-infected BHK-21 cells in 96-or 24-well tissue culture plates. The infected cells were fixed with 80% cold acetone at −20°C for 10 min. Following two washes with PBS, anti-RABV mAb was added and incubated for 30 min at room temperature. After three washes with PBS, Histofine ® Simple stain Max Po (Multi) universal immune-peroxidase anti-rabbit/ mouse (Nichirei Bioscience Inc., Tokyo, Japan) was added and incubated for 30 min at room temperature. Diaminobenzidine (DAB) substrate (Nichirei Bioscience Inc.) was then added and incubated for 5 min at room temperature. The substrate reaction was stopped by washing the cells with tap water. For safety, the ICC-stained BHK-21 cells were kept in 10% buffered formaldehyde and the presence of infected cells was determined by inverted microscope (Primo Vert, Zeiss Microscopy, Now York, NY, U.S.A.) with low to high magnification (40 × to 200 ×). The presence of infected cells were also examined under conventional light microscope (Olympus CX-21, Tokyo, Japan) by counterstaining with Mayer's hematoxylin and cutting the bottom of 24 well tissue culture wells containing RABV-infected BHK-21 cells stained with ICC technique. The cut was then mounted on microscope slides and examined under light microscope.
The presences of RABV proteins in BHK-21 cell lysate, in culture medium, and in the Rabisin vaccine samples was detected by WB. Samples of medium and cells of RABV-infected BHK-21 cell culture, and Rabisin vaccine samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis [14] . The separated proteins were transferred to nitrocellulose membrane for 2 hr in a wet tank mini transblot system (Bio-Rad, Hercules, CA, U.S.A.) using a previously described carbonate-bicarbonate transfer buffer system [5] . The presence of RABV proteins was visualized by adding anti-RABV mAb and pAb as previously described [3] .
Titration of virus
Virus titrations were conducted to determine the amount of RABV released into the medium of RABV-infected BHK-21 cells. The virus titers were determined using a quantitative assay to determine tissue culture dose 50 (TCID 50 ) and ICC to determine focus forming units (FFUs). Briefly, serial ten-fold dilutions of virus stock (BHK-21-infected cell culture medium) were prepared in sterile serum-free DMEM (Dulbecco's Modified Eagle's Medium). In a quantitative assay to determine TCID 50 , 50-µl samples from each dilution were inoculated into five wells of 96-well tissue culture plates. One hundred microliters of BHK-21 cells (approximately 10 5 cells per ml suspended in DMEM containing 10% fetal bovine serum, FBS) were added to each wells and incubated for 2 days at 37°C in a humid atmosphere containing 5% CO 2 . The infected cells were stained using the ICC technique described above and were examined using the aforementioned inverted microscope at a high magnification (200 ×). The virus titer was calculated by the Reed and Muench method [24, 25] . To determine FFU, samples from each dilution were inoculated in duplicate (0.1 ml per well) in 24-well tissue culture plates containing a confluent monolayer of BHK-21 cell culture. After incubation for 1 hr at 37°C the inoculum was removed and the cells were covered with semisolid DMEM (DMEM containing 1% agarose, 5% FBS, and gentamycin). Following 3 days incubation at 37°C in the humid 5% CO 2 environment , the semisolid medium was removed and the infected cells were stained using the aforementioned ICC technique. The numbers of foci were examined in each well using the aforementioned inverted microscope at low magnification (40 ×). Virus titers were calculated by multiplying the dilution factor and number of foci observed in wells of 24-well tissue culture plates containing RABV-infected cells.
Preparation of inactivated rabies virus for immunization of mice
Rabies virus used for immunization of mice was inactivated with 2-bromoethylamine hydrobromide (Sigma-Aldrich) as previously described [16] . The compound was dissolved in 0.5 M sodium hydroxide (NaOH) at the concentration of 0.6 M and was converted to binary ethylenimine (BEI) by incubation at 37°C for 1 hr. The BEI was then added to the virus stock at a final concentration of 0.03 M, incubated for 18 hr at 37°C, and neutralized by adding sodium thiosulfate (Sigma-Aldrich) to a final concentration of 2%. The inactivated virus was then mixed thoroughly with aluminum hydroxide adjuvant (60% virus: 40% adjuvant).
Immunization of mice
Twenty four 7-8 week-old mice (12 females and 12 males) were divided into four treatment groups according to the type and dose of immunogen: Rabisin vaccine either 0.1 or 0.2 ml per mouse; BHK-21-adapted Bali RABV isolate either 0.1 or 0.2 ml per mouse. Each treatment group consisted of six mice (three females and three males) were immunized twice at a 21-day interval. Sera samples were collected four times in 2 weeks after the first immunization and 1, 2, and 6 weeks after the second immunization.
ELISA for mouse immune response to rabies virus
Antibody titers against RABV in sera samples of mice were examined by indirect ELISA using a commercial rabies ELISA kit (PUSVETMA, Surabaya, Indonesia) as described by the manufacturer [26] . One hundred microliters of mice sera samples (each diluted 1:200) were added to wells of a RABV-coated ELISA plate and incubated for 1 hr at 37°C. The plate was washed three times with PBS-T and 100 µl of protein A horseradish peroxidase (1:16,000 dilution) was added and incubated for 1 hr at 37°C. Following three washes with PBS-T, 2,2'-azino bis (3 ethylbenzothiazoline-6-sulfonic acid) was added to each well and incubated for 10 min at room temperature. The reaction was stopped using stop solution. The optical density of substrate in each well was read using an ELISA reader with a 405-nm filter. The antibody titers were calculated using 3-parameters logistic regression and were expressed as equivalent units (EUs) as described by the manufacturer [26] .
Neutralization assay
ICC-based serum neutralization test was carried out to determine the neutralizing activities of antibodies in sera samples collected 1 week after the second immunization. Sera samples were grouped and pooled according to treatment groups, and were then tested by ELISA as described above. Serial 2-fold dilutions of pooled mice sera were prepared in serum-free DMEM and sera samples from each dilution were distributed into five wells (50 µl per well) of 96-well tissue culture plates. Fifty microliters BHKBali RABV suspended in serum-free DMEM containing approximately 100 tissue culture infectious doses (TCID 50 ) was added to each well and incubated for 90 min at 37°C. Fifty microliters of trypsinized BHK-21 cells (2 × 10 5 cells per ml) suspended in DMEM containing 15% FBS were added to each well and incubated for 2 days at 37°C in a 5% CO 2 environment. The infected and uninfected cells were stained using the ICC technique as described above and were examined using an inverted microscope at high magnification (200×). Wells with uninfected and infected BHK-21 cells were counted. The neutralization titers of antibody in sera samples were calculated using the Reed and Muench formula and were expressed as protective doses 50 (PD 50 ) [24, 25] .
RESULTS
Growth characteristics of Bali rabies virus isolate in BHK-21 cells
IIFA revealed that the Bali RABV isolate replicated very well in BHK-21 cells (Fig. 1A) . No RABV antigen was detected by doi: 10.1292/jvms.17-0385 IIFA in normal uninfected BHK-21 cells (Fig. 1B) . RABV antigen was consistently detected by IIFA in infected BHK-21 cell cultures from the third to seventh passages. Similarly, RABV antigen was also detected by the ICC technique in BHK-21 cells infected with Bali RABV isolate (Fig. 1C) , but not in uninfected cells (Fig. 1D) . No CPE was observed in BHK-21 cells infected with Bali RABV isolate (data not shown).
The presence of RABV in both medium and cells of infected BHK-21 cell culture was also detected by WB using pAb and mAb. RABV proteins were detected in the medium in fresh and inactivated samples, and in the lysate of infected BHK-21 cells. RABV proteins were also detected in Rabisin vaccine samples. Rabies virus protein was not detected in the medium and cell lysate of uninfected BHK-21 cell cultures (Fig. 2) . At least three RABV protein bands ranging from 38 to 56 kDa were detected by WB in the media of BHK-21 infected cells and Rabisin vaccine samples using anti-RABV mAb and pAb. Lysates from infected BHK-21 cells displayed many additional protein bands detected by WB using both mAb and pAb (Fig. 2) .
Titration of the Bali RABV isolate in the medium of infected BHK-21 cells after the third to the seventh passages also showed consistent results. The titers of the RABV in the medium of infected cells increased slightly after each passage following four serial passages (passages 3-7). The virus titer after the third passage was 10 4.62 TCID 50 per ml medium and increased to 10 5.83 TCID 50 per ml after the seventh passage. In this quantitative assay, the infected and uninfected cells were evident as brown cells (Fig. 3A) and unstained cells (Fig. 3B) , respectively. Titration of RABV with the focus assay after seven passages also showed a similar result. The titer of virus released into the medium of infected cells was 8.2 × 10 5 FFU per ml medium (Table 1) . Infected and uninfected cells were evident in the focus assay as brown foci surrounded by unstained cells (Fig. 3C ) and as unstained cells (Fig. 3D) , respectively.
Antibody response of mice against BHK-21 adapted rabies virus
ELISA showed that the antibody titers against RABV in sera samples collected 2 weeks after the first immunization were mostly below the minimum protective levels (<0.5 EU). Only nine (37%) of 24 sera samples displayed antibody titers >0.5 EU per ml. The antibody titers increased sharply at 1 week after the second immunization (1.9 to 4.52 EU). The antibody titers then declined slightly at 2 weeks (1.55 to 2.35 EU) and 6 weeks (1.1 to 1.32 EU) after the second immunization (Fig. 4A) .
The doses of immunogens also affected the immune response of mice against RABV. At 2 weeks after the first immunization with 0.1 ml of immunogen, the antibody titers against RABV were slightly lower than those immunized with 0.2 ml immunogen. However, 1, 2, and 6 weeks after the second immunization, antibody titers induced by immunization with 0.2 ml immunogen per mouse were consistently higher than those induced by 0.1 ml immunogen per mouse (Fig. 4B) .
Neutralizing activity of antibodies
The titers of neutralizing antibodies against Bali RABV in sera samples of mice immunized with inactivated BHK-21-Bali RABV and Rabisin vaccine were measured only at 1 week after the second immunization. ELISA revealed titers of anti-RABV antibodies in the groups of pooled sera samples were 3.3 EU (Rabisin 0.1 ml), 4.1 EU (Rabisin 0.2 ml), 2.9 EU (BHK-Bali RABV 0.1 ml), and 4.3 EU (BHK-Bali RABV 0.2 ml). The titers of neutralizing antibodies induced by BHK-Bali RABV (2 7.41 PD 50 and 2 8.25 PD 50 for doses of 0.1 and 0.2 ml, respectively) were generally lower than those induced by Rabisin vaccine (2 9.84 PD 50 and 2 11.16 PD 50 for doses of 0.1 and 0.2 ml, respectively) ( Table 2) .
DISCUSSION
In susceptible hosts, RABV is a primary neurotrophic virus that infects neurons in both the central and peripheral nervous systems [30] . In cell cultures, however, RABV can infect many types of cells, including those of non-neural origins, such as BHK-21 cells [1, 12, 21] and Vero cells [33] . A local RABV isolated from a rabid dog in Bali also replicated very well in BHK-21 cells. The titers of the virus released into the medium of BHK-21 infected cells tended to increase following each passage ( Table 1) . Replication of the Bali RABV isolate in BHK-21 cells was further confirmed by the presence of viral antigen at high level in the infected cells as detected by IIFA (Fig. 1A) and ICC (Fig. 1B) , without an observable CPE. The result was similar to the previous finding that RABV infections can persist for prolonged periods in cell cultures without causing an observable CPE [22] . The use of simple and rapid detection methods such as IIFA and ICC is important to detect RABV infection in BHK-21 cells following inoculation with the Bali RABV isolate (Fig. 1A) . The availability of a good anti-RABV mAb is also important. Such a mAb has been produced [3] and has been used as a ligand for affinity chromatography purification of RABV proteins from the brains of infected dogs and mice [2] .
The presence of RABV antigen in both medium and cells of BHK-21 cell culture infected with the Bali RABV isolate and in Rabisin vaccine samples were also detected by WB using both mAb and pAb. In the media of infected BHK-21 cells and in Rabisin vaccine, only one to three protein bands with molecular weights ranging from 38 to 56 kDa were detected. In infected cell lysates, however, multiple protein bands were detected using both mAb and pAb. It is not yet known why the viral protein bands detected in infected BHK-21 cells were multiple bands consisting of more than five bands. Rabies virus particles consist of five major structural proteins designated L (200 kDa), G (65 kDa), N (54 kDa), P (36 kDa), and M (21 kDa) [8, 34] . However, no protein band was detected in the medium and cells of uninfected BHK-21 cells. Thus, the protein bands detected by WB in the infected BHK-21 cell culture were confirmed as RABV proteins.
Although the replication of Bali RABV isolate in BHK-21 cells did not cause any observable change in the morphology of cells, the infected cells constantly released infectious virus into the medium of the infected cells [31] . Virus titration conducted after each passage from the third to seventh passages showed that the titer of virus in the media of infected cells increased slightly following each passage. This indicates that passages increase the replication efficiency of Bali RABV isolate in BHK-21 cell culture [1] . Further passages of Bali RABV isolate in BHK-21 cells are required to achieve virus titers adequate for preparation of rabies vaccine. Antibody responses of mice against inactivated BHK-Bali RABV antigen were comparable to those induced by the commercial Rabisin vaccine, which is currently being used for the immunization of dogs and other animals in Indonesia, including Bali. The levels of antibody responses following the first immunization were generally low and below the minimum protective level (>0.5 EU). Only a few mice displayed antibody titers exceeding 0.5 EU. However, following the second immunization, antibody responses induced by both BHK-Bali RABV isolate and Rabisin vaccine were >0.5 EU, which is the minimum protective level of anti-RABV antibody in serum as described by the ELISA kit manufacturer [26] . The highest antibody levels induced by both BHK-21-adapted RABV of Bali isolate and Rabisin vaccine were observed 1 week after the second immunization and declined slightly at 2 and 6 weeks after the second immunization. Rabisin vaccine is one of many commercially available rabies vaccines being used for vaccination of animals in Indonesia. Experimental studies in dogs showed that this vaccine induces a good antibody response in dogs [6] . Thus, it was used as the positive control in this study. The doses of the BHK-Bali RABV and Rabisin vaccine immunogens also affected the immune responses of mice against RABV. For both immunogens, doses of 0.2 ml per mouse induced higher antibody responses than those induced by 0.1 ml per mouse.
Observations of antibody titers in mice sera up to 6 weeks following the second immunization showed that the immune responses induced by BHK-Bali RABV and Rabisin vaccine in mice were stable for at least 6 weeks following the second immunization. In addition, the stability of immune response induced by 0.2 ml immunogen per mouse was slightly better than those induced by 0.1 ml immunogen per mouse. Stability of immune response induced by RABV antigen is one of many requirements for the preparation of rabies vaccine. For this reason, further passages of Bali RABV isolate in BHK-21 cells are still required to increase the replication efficiency, which in turn, will increase the titers of virus released into the medium of infected cells. In previous studies, further passages increased the RABV titers in cell cultures [1, 15] . Neutralizing antibodies are the major indicator of protective immune responses against viral infection in hosts after vaccination or natural infection as their presence can inhibit infection by blocking the attachment of virus to its receptor on susceptible cells. In this study, although neutralizing antibodies were not examined according to the procedure described by the Organization for Animal Health [19] and were measured only 1 week following the second immunization, the results showed that inactivated BHKBali RABV was able to induce neutralizing antibodies in mice. However, the titer of neutralizing antibody induced by BHK-Bali RABV was still significantly lower than those induced by the Rabisin vaccine ( Table 2 ). The result was unexpected as the ELISA results showed that the titers of antibody against RABV in a pooled sera of mice immunized with BHK-Bali RABV and the Rabisin vaccine were not significantly different ( Table 2 ). The discrepancy between the antibody titers measured by ELISA and the neutralization assay is probably due to the differences in the purity of virus used in the Rabisin vaccine and in BHK-Bali RABV. In this study, no purification step was carried out in the preparation of BHK-Bali RABV used for the immunization of mice. Nevertheless, the ability of inactivated BHK-Bali RABV to induce antibody response with neutralizing activities clearly shows that this local Bali RABV isolate is able to induce protective immune response in mice. The higher levels of glycoprotein amino acid sequence identity among Indonesian RABV isolates than those between Indonesian RABV isolates and RABV vaccine strains appear to be one advantage of using local RABV isolate as a vaccine candidate.
A higher titer of virus is still needed to achieve a better protective immune response in the immunized animals. In addition to higher passages in BHK-21 cell culture [1, 15] , other approaches, such as the use of roller culture system [10] and modification of cell culture media [7, 10] , can also be adopted to increase the titer of RABV propagated in cell culture. When higher titers are achieved, a more comprehensive study using dogs as experimental animal will be necessary.
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